Assays based on Bioluminescence Resonance Energy Transfer (BRET) provide a sensitive and reliable means to monitor protein-protein interactions in live cells. BRET is the non-radiative transfer of energy from a 'donor' luciferase enzyme to an 'acceptor' fluorescent protein. In the most common configuration of this assay, the donor is Renilla reniformis luciferase and the acceptor is Yellow Fluorescent Protein (YFP). Because the efficiency of energy transfer is strongly distance-dependent, observation of the BRET phenomenon requires that the donor and acceptor be in close proximity. To test for an interaction between two proteins of interest in cultured mammalian cells, one protein is expressed as a fusion with luciferase and the second as a fusion with YFP. An interaction between the two proteins of interest may bring the donor and acceptor sufficiently close for energy transfer to occur. Compared to other techniques for investigating protein-protein interactions, the BRET assay is sensitive, requires little hands-on time and few reagents, and is able to detect interactions which are weak, transient, or dependent on the biochemical environment found within a live cell. It is therefore an ideal approach for confirming putative interactions suggested by yeast twohybrid or mass spectrometry proteomics studies, and in addition it is well-suited for mapping interacting regions, assessing the effect of posttranslational modifications on protein-protein interactions, and evaluating the impact of mutations identified in patient DNA.
Introduction
Both classical linkage and next-generation sequencing analyses of human disorders are revealing the clinical relevance of proteins involved in a range of biological pathways. It is often the case that, prior to their identification in such studies, there has been little or no investigation of the biological role of these proteins. One fruitful avenue to begin exploring the biological function of a protein of interest is to identify which other proteins it interacts with in its physiological context. Characterizing molecular networks in this fashion provides insights into the biological pathways underlying the human phenotype.
The most frequently used large-scale screening approaches for identifying candidate interaction partners for proteins of interest are yeast two-hybrid screening 1 and mass spectrometry-based proteomics 2 . These methods can be very successful in suggesting potential interacting proteins, but are vulnerable to false positive results. Therefore, confirmation of an interaction identified by yeast two-hybrid or mass spectrometry screening requires validation of the interaction using a second technique. Typically a co-immunoprecipitation or pull-down assay is used for this purpose 3 . One disadvantage of using such techniques for validation is the requirement for cell lysis, which destroys the intracellular conditions that may be essential for maintaining certain protein interactions. A second disadvantage is that weak or transient protein interactions may be disrupted during washing steps. Furthermore, these assays demand significant hands-on time, are limited in the number of samples that can be processed simultaneously, and often require time-consuming optimization of reagents and protocols.
To overcome some of the problems associated with co-immunoprecipitation experiments, several assays have been developed based on fluorescent and bioluminescent proteins that can be used in live cells. The first such assays were based on Fluorescence (or Förster) Resonance Energy Transfer (FRET), the non-radiative transfer of energy between two fluorescent proteins with overlapping emission and excitation spectra 4 . The efficiency of energy transfer is strongly distance-dependent, therefore observation of the FRET phenomenon requires that the donor and acceptor fluorophores be in close proximity. To test for an interaction between two proteins of interest, one protein is expressed as a fusion with the donor fluorophore (commonly cyan fluorescent protein; CFP) and the second as a fusion with the acceptor fluorophore (commonly yellow fluorescent protein; YFP). An interaction between the two proteins of interest may bring the donor and acceptor fluorophores sufficiently close for energy transfer to occur, which will result in a measurable increase in the emission of light from the YFP acceptor relative to the CFP donor. FRET has been successful in detecting protein-protein interactions in live cells A modification of the FRET assay which overcomes the problem of high background from external illumination is the Bioluminescence Resonance Energy Transfer (BRET) assay 5, 6 . In the BRET system the donor fluorophore is replaced by a luciferase enzyme. Thus the energy for the excitation of the acceptor fluorophore is generated within the system by the oxidation of a luciferase substrate, rendering external illumination unnecessary. In the most common configuration of this assay, the donor is Renilla reniformis luciferase and the acceptor is YFP (for a discussion of alternative donor and acceptor proteins see Pfleger et al. 5 ). Accordingly, in this system, a protein of interest is fused to luciferase and a potentially-interacting protein to YFP, or vice versa. The BRET assay requires the addition of coelenterazine as a substrate for luciferase. Because coelenterazine is cell-permeable, it is possible to perform BRET assays in live cells. However, native coelenterazine is unstable in aqueous solution, and the enzyme-independent breakdown of coelenterazine both reduces the concentration of substrate available for the assay and generates autoluminescence, which reduces the sensitivity of measurements of luciferase activity. The use of BRET in live cells has been facilitated by the development of protected coelenterazines, which are stable in aqueous solution but are cleaved by cytosolic esterases after diffusion across the cell membrane to generate active coelenterazine inside the cell 7 .
Following addition of substrate to cells expressing luciferase-and YFP-fusion proteins, energy transfer resulting from protein-protein interactions is quantified by monitoring emission from luciferase and YFP. Because protein interactions can be monitored directly in live cells in multi-well plates, the BRET assay constitutes a simple, scalable method for validating putative interactions that is cost-and time-efficient.
In addition to validating putative interactors identified in proteomic screening studies, the BRET system can also be used to test candidate interactors arising from prior biochemical and structural studies on the protein of interest. Once the existence of a protein-protein interaction has been established (either by using the BRET assay or by other techniques), there is potential for the BRET assay to be employed further to characterize the interaction. For example, the interacting regions can be mapped by generating truncated versions of the proteins, and the involvement of specific residues in the interaction can be demonstrated by creating point mutations. Furthermore, the modulatory effect of posttranslational modifications or small molecules (such as drugs or ligands) on protein-protein interactions can be investigated [8] [9] [10] .
The BRET assay also has great potential for investigating mutations identified in patient DNA. In cases where a causative role for a mutation has been established, studying the effect of the mutation on protein-protein interactions using BRET may reveal more about the molecular etiology of the phenotype 11 . Since the advent of next-generation sequencing methodologies, it is increasingly common for several potentially-damaging mutations to be identified within an individual, in which case it is unclear which are relevant to the phenotype 12 . In this situation the BRET assay may be valuable in evaluating the impact of mutations on protein function and hence their relevance to the disorder.
Protocol

Creation of Plasmids
1. Subclone the cDNAs for each protein of interest into both the pLuc and pYFP vectors, using standard molecular biology techniques ( Figure  1 ). For detailed protocols see Green et al 13 . 2. Sequence all constructs to verify that the proteins of interest are in frame with the Luc/YFP sequence with no intervening stop codons. 3. Perform functional assays as desired to confirm that the fusion proteins retain biological activity. In the case presented here the subcellular localization of YFP fusion proteins was ascertained by fluorescence microscopy. 4. Make expression plasmids for appropriate Luc and YFP control proteins by engineering the relevant targeting signals into the pLuc and pYFP expression vectors. In the case presented here, generate nuclear-targeted Luc and YFP constructs by inserting a nuclear localization signal into the pLuc and pYFP vectors. 5. Make a positive control construct in which Luc and YFP are fused into a single polypeptide. In the case presented here, generate a positive control in which the YFP coding sequence is inserted into the pLuc vector. 6. Select a neutral filler plasmid to be used to equalize the mass of DNA in transfection mixes. Use a plasmid that has no eukaryotic promoter and will therefore be transcriptionally inactive in mammalian cells, such as a bacterial cloning vector.
Preparation of DNA Mixes
1. Estimate the concentration of all the plasmids described in Section 1 based on absorbance at 260 nm (1 absorbance unit is equivalent to 50 µg/ml of DNA). Determine the molecular mass of each plasmid by multiplying the number of base pairs by 650 Da. Use the concentration and molecular mass to calculate the molar concentration of each plasmid preparation. Dilute the plasmid DNA preparations to a concentration of 36 nM. These will be the working stocks that will be used to prepare the DNA mixes for transfection. 
Measurement of BRET Signal
1. Dissolve live-cell luciferase substrate at 34 mg/ml in DMSO by vortexing. 2. Dilute reconstituted live-cell luciferase substrate at 1:1,000 in substrate dilution medium pre-warmed to 37 °C. Allow 50 µl of substrate dilution medium per well. Vortex to mix. A precipitate may form, but will not interfere with the assay. 3. Aspirate the culture medium from the 96-well plate. Dispense 50 µl of diluted live-cell luciferase substrate into each well. Culture cells for at least 2 hr (up to 24 hr). 4. Remove the lid from the 96-well plate and incubate the plate for 10 min at room temperature inside the luminometer. 5. Measure emission from Luc and YFP one well at a time. Measure emission from Luc using a filter blocking wavelengths longer than 470 nm.
Measure emission from YFP using a 500-600 nm band-pass filter. Integrate emission signals over 10 sec.
Data Analysis
1. Average the Luc emission readings from the 3 wells that received only the filler plasmid. Subtract this value from all other Luc emission readings to produce the background-subtracted Luc emission values. 2. Average the YFP emission readings from the 3 wells that received only the filler plasmid. Subtract this value from all other YFP emission readings to produce the background-subtracted YFP emission values. 3. For each well, divide the background-subtracted YFP emission value by the background-subtracted Luc emission value to give the uncorrected BRET ratio. 4. Average the uncorrected BRET ratios from the three wells that were transfected with only the pLuc-control plasmid. Subtract this value from all the other uncorrected BRET ratios to give the corrected BRET ratios. 5. For each of the remaining sets of corrected BRET ratios, average the values from the three transfected wells to obtain a final BRET ratio.
Representative Results
The principle of the BRET assay is illustrated in Figure 2 . The assay setup used throughout the experiments presented here is depicted in Figure 3 . The detection of a strong BRET signal from cells transfected with a luciferase-YFP fusion protein confirmed that energy transfer was observable in this experimental setup (Figure 4) .
Our research focuses on the role of the FOXP family of transcriptional repressors in brain development. Heterozygous mutations affecting FOXP2 lead to a rare form of speech and language disorder, of which the most prominent feature is developmental verbal dyspraxia -difficulty with producing the complex sequences of orofocial muscle movements required for speech [14] [15] [16] . FOXP1 mutations have been reported in patients with autism spectrum disorders and intellectual disability accompanied by severe speech and language problems [17] [18] [19] [20] . The interaction of FOXPs with other proteins is being investigated to gain insights into the molecular mechanisms relevant to the role of these proteins in brain development.
FOXP2 is known to form homo-or heterodimers with other FOXP family members 21 , therefore FOXP2 homodimerization was used to validate the BRET assay (Figure 4) . To exclude the possibility that interaction of FOXP2 fusion proteins in this assay was due simply to protein overexpression, the specificity of the interaction was demonstrated by introducing a mutation into the leucine zipper dimerization domain of FOXP2 (in-frame deletion of residue E400), which is known to disrupt homo-and heterodimerization 21 ( Figure 5A ). When Luc-FOXP2.DE400
and YFP-FOXP2 fusion proteins were co-expressed, a reduction in the BRET signal was observed compared to when Luc-FOXP2 and YFP-FOXP2 were co-expressed ( Figure 5B ). This signal reduction was not due to an alteration in the subcellular localization of the mutant protein ( Figure 5C ) or to a difference in expression levels as assessed by western blotting (data not shown). The signal reduction was also observed when Luc-FOXP2 was expressed with YFP-FOXP2.DE400 (data not shown). Thus BRET is effective in detecting protein homodimerization, and the interaction of proteins remains specific when these proteins are overexpressed as luciferase-and YFP-fusions. Furthermore, the use of BRET in combination with targeted mutation of proteins has the potential to identify individual residues involved in protein-protein interactions.
To assess the effectiveness of the BRET assay in detecting heterotypic interactions, the interaction of FOXP2 with FOXP1 was tested ( Figure  6) . A BRET signal was observed in both possible configurations of the assay (i.e. with FOXP2 as the donor or as the acceptor fusion protein). Therefore the BRET assay is able to detect both homo-and heterotypic interactions. In addition, the suitability of the BRET assay for detecting interaction of FOXP2 with non-FOXP proteins was tested by examining the interaction with CtBP1, a transcriptional co-repressor and known FOXP2 interaction partner 21 . The interaction between CtBP1 and FOXP2 was originally suggested by a yeast two-hybrid screen and was subsequently validated by co-immunoprecipitation experiments 21 . The FOXP2-CtBP1 interaction was detected by the BRET assay when FOXP2 was the donor fusion protein and CtBP1 was the acceptor, but not in the reverse configuration ( Figure 7A) . Such outcomes are to be expected with the BRET system (see Discussion section). The interaction between FOXP2 and CtBP1 was observed even though only a minor proportion of CtBP1 was localized to the nucleus (Figure 7B) , highlighting the sensitivity of this assay. Thus the BRET assay is useful for the validation of putative interactions identified through yeast two-hybrid screening.
Finally, the BRET assay was employed to examine the effects of pathogenic mutations in FOXP2 on protein-protein interactions. Two point mutations in FOXP2 have been reported to cause a rare autosomal dominant disorder affecting speech and language ( Figure 8A) . The R553H missense mutation was discovered through a linkage study in a large family in which half the members were affected by the disorder 14 . The R328X nonsense mutation was discovered through targeted sequencing of the FOXP2 locus in probands with a diagnosis of developmental verbal dyspraxia 22 . The ability of the mutant proteins to dimerize with wild-type FOXP2 was assessed using the BRET assay. The results using wild-type FOXP2 as a donor and mutant FOXP2 as the acceptor are shown in Figure 8B . The same results were observed using mutant FOXP2 as the donor and wild-type as the acceptor (data not shown). The R553H mutation, which is within the DNA-binding domain of FOXP2, did not affect the ability of the mutant protein to dimerize with the wild-type. The pathogenic mechanism of this mutation may therefore include a dominant negative effect resulting from dimerization of the mutant with the normal protein 23 . The R328X mutation introduces a premature stop codon, with the result that the encoded protein lacks the leucine zipper dimerization domain and the DNA-binding domain, and shows some cytoplasmic mislocalization ( Figure 8C) . Consistent with the absence of the dimerization domain and mislocalization to the cytoplasm, the truncated protein shows greatly reduced interaction with wild-type FOXP2. This mutation is therefore likely to be pathogenic due to haploinsufficiency. Thus the BRET assay can provide insight into the biological effects of mutations discovered in patients. It is important to consider what the appropriate control constructs are for your protein of interest. YFP and luciferase are predominantly cytoplasmic and are therefore appropriate controls when the proteins of interest are cytoplasmic. However, when the proteins of interest are localized to other subcellular compartments it may be desirable to modify luciferase and YFP with peptide signals to direct their trafficking to the relevant compartment. Here the proteins of interest were transcription factors that are localized to the nucleus, therefore luciferase and YFP were modified by the addition of a nuclear localization signal. Specifically, a peptide including the nuclear localization signal of the SV40 large T antigen (CGYGPKKKRKVGGLDN) was appended to the C-terminus of luciferase and YFP by ligating synthetic double-stranded oligonucleotides between the BamHI and XbaI sites of the pLuc and pYFP vectors. Addition of this signal caused a significant redistribution of protein to the nucleus ( Figure 4B ).
Including the appropriate controls is crucial to the interpretation of BRET experiments. A mock-transfection control using an inert filler plasmid is essential to establish background levels of luminescence and fluorescence resulting from luminometer noise and enzyme-independent breakdown of substrate. With modern luminometers and luciferase substrates background luminescence levels are typically very low. Transfection with the appropriate control luciferase construct in the absence of a YFP construct is important to establish the proportion of luciferase emission which is detected within the emission range of YFP in the absence of a BRET acceptor. Transfection with the control luciferase and control YFP constructs provides the baseline BRET signal resulting from Luc-YFP interaction. For every pair of proteins that are tested for interaction, it is important to transfect each one alone with the appropriate control construct, as illustrated in Figure 3B , to control for any non-specific interaction between the proteins being tested and luciferase/YFP. Particularly when performing a BRET experiment for the first time, it is important to include a Luc-YFP fusion protein as positive control to ensure that a BRET signal is observable in your experimental setup. Here the coding sequence of YFP was cloned into pLuc at the BamHI and XbaI sites to generate a fusion protein in which YFP is fused to the Cterminus of luciferase.
In the protocol described here, the composition of the DNA mixes for transfection was calculated with the assumption that the average size of the Luc/YFP fusion protein expression constructs is not greater than 7.5 kb. If the expression constructs are significantly larger than this, then the number of moles of each expression construct added to the transfection mix may have to be reduced so that the total amount of DNA in the mix does not exceed the maximum permitted by the amount of transfection reagent. Alternatively the amount of transfection reagent and the amount of DNA in all the transfection mixes can be increased following the manufacturer's guidelines. Experimental manipulation of 96-well plates is expedited by the use of multichannel pipettes and aspirators. It is desirable to minimize variation between samples in the length of transfection mix incubation time after addition of DNA to the serum-free medium/transfection reagent mix, therefore begin adding transfection mixes to cells as soon as the first mix has been incubating for 10 min. Because the BRET acceptor proteins are YFP fusions, it is possible to assess transfection efficiency by fluorescence microscopy or by measuring fluorescence in a microplate reader. Success of a BRET experiment depends on a good level of transfection so it is advisable to ensure that transfection is satisfactory before proceeding to addition of substrate and measurement of the BRET signal. The YFP tag also enables quantification of acceptor protein expression levels using a microplate reader. Quantification of acceptor protein levels may be useful for optimization and trouble-shooting of BRET experiments.
Cells should be incubated for at least 2 hr with luciferase substrate before measuring the BRET signal to ensure that a stable signal has been achieved. It is also acceptable to incubate cells with substrate for up to 24 hr. In this case the total luminescence counts will be lower, but the BRET ratios should be unchanged. Longer incubations with substrate may be more convenient (e.g., overnight) and also allow the measurement of BRET signals before and after an experimental manipulation such as addition of a pharmaceutical compound. Ideally, optimize cell seeding density so that cells reach confluency around the time of measurement. If cell density is above optimum then it may be advantageous to measure the BRET signal at an earlier time point to avoid cell overgrowth. If using a cell type other than HEK293, be sure to optimize cell culture and transfection conditions. BRET experiments have also been successfully performed in HeLa cells using the protocol described here.
In the experiments described here, luminescence counts were measured at room temperature, which is the optimum temperature for Renilla luciferase activity. If performing a time-course experiment in the luminometer it is preferable to set the temperature at 37 °C. We have performed the same experiments at room temperature and at 37 °C and no significant difference in the results was observed. If performing experiments at room temperature, the plate should be allowed to equilibrate 10 min inside the luminometer prior to measurement to allow stabilization of Renilla luciferase activity. Here, luminescence signals were integrated over 10 sec, which typically provides high sensitivity, especially for proteins with low expression levels. However, signals may be integrated over shorter time periods if this provides sufficient sensitivity. Due to the stability of the luminescence signal produced by the live-cell luciferase substrate, it is acceptable to measure for up to 10 sec per well at each wavelength.
An interaction between two proteins of interest is confirmed by the BRET assay when the signal from the test condition significantly exceeds the signals from the relevant control conditions. The absence of a BRET signal is not necessarily confirmation that an interaction does not occur. In the case of an unexpected or negative result, the total luminescence and fluorescence counts should be examined to ensure that all wells were transfected correctly.
The BRET signal is also affected by the ratio of protein expression levels therefore it is useful to examine the relative expression levels of the two proteins of interest by comparing the fluorescence counts from wells transfected with YFP fusions of the two proteins (or the luminescence counts from wells transfected with the luciferase fusions). When one fusion protein expresses more strongly than the other, better results are likely to be obtained if the protein with the lower expression level is fused to luciferase, which was the case with FOXP2 and CtBP1 in the experiments presented here. It is also possible to manipulate protein levels by adjusting the molar ratio of expression plasmids in the transfection mix. Energy transfer between certain pairs of fusion proteins may be very inefficient due to the geometry of the protein complex. In such cases it may be worthwhile to try fusing the proteins of interest to the alternative termini of luciferase/YFP.
It is necessary to confirm that the BRET signal represents a physiological protein-protein interaction and is not simply due to protein overexpression. For this reason it is important to avoid gross overexpression of proteins. Specificity of a protein-protein interaction in the BRET system can further be confirmed by introducing mutations into the proteins that are known to reduce the affinity of the interaction, as demonstrated here using the DE400 variant of FOXP2. The mutant proteins can further be used in competition and saturation binding BRET assays. In a competition assay, the concentrations of donor and acceptor fusion proteins are kept constant while increasing the concentration of an untagged version of one of the interaction partners as a competitor. Untagged wild-type protein should compete with the tagged version for binding to its interaction partner, resulting in a decrease in the BRET signal, whereas the mutant protein should exhibit a reduced ability to compete out the interaction. In a saturation binding assay, the concentration of the donor fusion protein is kept constant, while increasing the concentration of the acceptor. For a specific interaction the BRET signal should eventually plateau as all donor molecules become saturated with the acceptor. For a non-specific interaction, the BRET signal will typically show a small linear increase due to an increase in random collisions between the donor and acceptor molecules. In practice, for interactions of moderate affinity between soluble proteins, it may be difficult to achieve a high enough acceptor:donor ratio to observe saturation while also maintaining sufficient levels of the donor protein for signal detection.
Caution should be exercised in the interpretation of differences between BRET ratios. The BRET assay does not provide a quantitative measure of the affinity of a protein-protein interaction because the efficiency of energy transfer is influenced by factors other than the strength of the protein-protein interaction. Such factors include the ratio of the levels of the fusion proteins within the cell, the geometry of the interaction, and the rates of association and dissociation of the complex. The ratios obtained with two different pairs of proteins therefore cannot necessarily be compared, but comparisons may be possible between different variants of the same protein, such as with the wild-type and ∆E400 variants of FOXP2 shown here. Occasionally, slightly negative BRET ratios may be observed. Negative ratios may result from the error in measurement of the baseline ratio in cells transfected with only the pLuc-control vector. Very high ratios are often indicative of protein aggregation, which can be confirmed by observation of transfected cells with a fluorescence microscope. It should be determined if aggregation is biologically relevant or an artifact of protein overexpression.
In conclusion, the BRET assay described here is a powerful approach to investigate protein-protein interactions in live cells. The application of BRET has been demonstrated for the purposes of validating candidate interactors from proteomic screening studies, identifying specific residues involved in protein-protein interactions, and evaluating the effects of mutations found in patient DNA. Because interactions are detected in real time without the requirement for cell lysis, the BRET signal can be measured before and after a treatment such as the addition of a pharmaceutical compound or ligand 7 . The BRET assay shows great promise for use in functional genomics research to assess the biological relevance of genetic variants discovered through next-generation sequencing.
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